The risk of bone fracture depends in part on the quality of the tissue, not just the size and mass. This study assessed the post-yield energy dissipation of cortical bone in tension as a function of age and composition. Tensile specimens were prepared from tibiae of human cadavers in which male and female donors were divided into two age groups: middle aged (51 to 56 years old, n = 9) and elderly (72 to 90 years old, n = 8). By loading, unloading, and reloading a specimen with rest period inserted in between, tensile properties at incremental strain levels were assessed. In addition, the post-yield toughness was estimated and partitioned as follows: plastic strain energy related to permanent deformation, released elastic strain energy related to stiffness loss, and hysteresis energy related to viscous behavior. Porosity, mineral and collagen content, and collagen crosslinks of each specimen were also measured to determine the micro and ultrastructural properties of the tissue. It was found that age affected all the energy terms plus strength but not elastic stiffness. The post-yield energy terms were correlated with porosity, pentosidine (a marker of non-enzymatic crosslinks), and collagen content, all of which significantly varied with age. General linear models with the highest possible R 2 value suggested that the pentosidine concentration and collagen content provided the best explanation of the age-related decrease in the post-yield energy dissipation of bone. Among them, pentosidine concentration had the greatest contribution to plastic strain energy and was the best explanatory variable of damage accumulation.
INTRODUCTION
There has been growing awareness that additional factors beyond bone size, mass, and density are important to the changes that make the skeleton more susceptible to fracture with age. 1-3 Measurements of bone mineral density (BMD) and structural geometry of the hip by X-ray absorptiometry are useful in assessing fracture risk. 4-6 However, such measurements do not necessarily indicate that bone fracture is imminent. 7, 8 Although BMD can be measured noninvasively and is highly correlated with bone strength, 9-11 it does not necessarily characterize bone quality or specifically the inherent integrity of the extracellular matrix of bone tissue. Clinical observation has revealed that similar postmenopausal loss of bone mass occurs in Giambian and Chinese women as does their Caucasian counterparts, but the fracture incidence is much lower. 12, 13 Moreover, the probability of fracture increases with age independent of BMD. 14, 15 Thus, there seem to be other age-related changes influencing the resistance of bone to fracture. In fact, previous studies have suggested a number of possible changes that may affect the mechanical competence of bone in terms of the morphology and the extracellular matrix of cortical bone ( Table 1) .
As an informative measure of bone quality, toughness has been observed to decrease with age when measured by the area under a stress-strain or force-displacement curve generated by monotonically loading ex vivo bone specimens in tension 16, 17 or bending 18, 19 , respectively. Decreases in critical strain energy release rate (G Ic ) and stress intensity factor (K Ic ), two measures of fracture toughness, have also indicated that aged cortical bone is less resistance to crack initiation and propagation. 18, 20-25 Perhaps more importantly, aging decreases the normal rise in crack growth resistance as a crack extends (i.e., there is a decrease in the slope of the R-curve or K I vs. crack length). 26, 27 This suggests that age affects the toughening mechanisms of bone.
Being an inhomogeneous material with a highly hierarchical structure, bone's resistance to failure cannot fully be characterized by material properties like G Ic and K Ic , which are derived using linear elastic fracture mechanics. 28 One complementary approach is to analyze postyield energy dissipation through multiple, progressive cycles of deformation. Much of the toughness of bone occurs after yielding, and energy depends on both the strength and ductility (i.e., degree of permanent deformation) of bone.
Based on earlier studies that examined the effect of overloading (damaging) on bone's mechanical behavior, 29-31 we recently developed a loading-rest-unloading-rest-reloading protocol for tension that partitions energy dissipation into three components: released elastic strain energy related to stiffness loss, hysteresis energy related to viscous deformation, and plastic strain energy related to permanent deformation. 32 The potential advantage of this test over monotonic loading is the acquisition of multiple mechanical properties over increasing degrees of yielding to provide insights into failure mechanisms of bone. Using this new protocol, we intended to investigate in the present study the age-related effect on the characteristics of post-yield energy dissipation. In addition, we measured porosity, collagen crosslink concentrations, collagen content, mineral and organic fractions, tissue density, and water content of cortical bone from the anterior quadrant of the tibia. Hypothesizing that ultrastructural changes are the best explanatory variable of post-yield energy dissipation, we investigated whether age affected these compositional and morphological properties of bone and whether they correlated with the mechanical properties.
MATERIALS AND METHODS

Specimen Preparation
Seventeen human tibiae each produced one tensile cortical bone specimen ('Dog bone' type). The Willed Body Program (The University of Texas Southwestern Medical Center at Dallas, TX) supplied the cadaveric tissue under stipulation that the donors had no known bone disease. Donors were divided into two age groups: (a) the middle aged group (Mid: n=9) included four females with ages of 53, 54, 54, and 56 years and five males with ages of 49, 51, 51, 52, and 55 years while (b) the elderly group (Old: n=8) included four females with ages of 84, 88, 88, and 90 years and four males with ages of 72, 76, 79, and 87 years. Using a circular, diamond saw (Isomet 2000, Buehler, Lake Bluff, IL), an axial bone strip with a nominal thickness of 2.3 mm was collected from the anterior aspect (i.e., longitudinally oriented osteons) of the middiaphysis. The strip was milled by a CNC machine (ProLIGHT 1000, Light Machines, Manchester, NH) into a tensile specimen (the grip regions were 10 mm × 5 mm; the gage region was 10 mm × 2 mm; and the tapers were 10 mm long with a fillet radius of 20 mm). Specimens were wrapped in gauze soaked in phosphate buffered saline and stored at −20 °C until testing.
Mechanical Testing
A bench-top mechanical testing system (EnduraTEC Elf 3300, Bose Corporation, Minnetonka, MN) was used to conduct post-yield tests in tension with a multiple loading-unloadingreloading scheme. The loading protocol was: 1) load specimen in displacement control to an initial level of 0.05 mm, 2) hold the displacement at the level of 0.05 mm for 30 seconds (stress relaxation), 3) unload in force control to zero force, 4) hold for 30 seconds at zero force (anelastic relaxation), and 5) reload in displacement control to the next displacement level with an increment of 0.05 mm. This procedure was repeated iteratively until failure (Fig. 1B) . The dwell periods provided a quasi-equilibrium condition for measuring stiffness loss. Our preliminary tests indicated that a thirty second period of rest for the dwell was long enough to accommodate stress changes caused by the viscoelastic behavior for both the undamaged (within the elastic range) and damaged (post-yield) tissue. The loading and unloading rates were 0.5 mm/min and 480 N/min, respectively, to ensure a consistent strain rate during loading. Strain was recorded with an extensometer (MTS 632.26F-20, 8 mm gage, Eden Prairie, MN) to produce engineering stress versus engineering strain curve ( Fig 1) . Ultrapure water dripped on the specimen at a nominal rate of 4 mL/min throughout the mechanical testing to keep it hydrated.
Quantification of Energy Dissipation
Post-yield energy dissipation of bone was partitioned as shown in Fig. 1 and as described by Wang and Nyman. 32 Briefly, the released elastic strain energy (U er ) was quantified as the area under the last unloading curve on a stress-strain plot before failure minus the recovered elastic strain energy (U e0 or the area enclosed by the curves connecting at c, d, and e). The irreversible energy consumption (U m ) was quantified as the area between successive loading curves (e.g., between curve a to b and curve g to h) on the stress-strain plot. It is noteworthy that U m accumulates with each bout of loading ( Fig. 1B ). Plastic strain energy (U ps ) was quantified as the difference between the accumulated, irreversible energy consumption
i=C f U i ) and the U er at the last cycle before failure (U ps = U m -U er ). Here, C f is number of cycles before failure, and U i is the energy loss between successive reloading curves. The measure of viscoelastic/plastic energy dissipation, known as hysteresis energy (U h ), was quantified as the area between the unloading, rest, and reloading curves of the last cycle before failure (e.g., between curve c to f and curve g to h).
In addition to the individual energy dissipation terms, the complete energy dissipated before failure was also quantified. This energy is akin to the toughness (U T ) of bone and was equal to the sum of U m , U h , U er , U e0 , and the final energy (U f ). The latter is the area enclosed by curves connected at d, c, h, i, and j (Fig. 1A) For the most complete characterization of post-yield energy behavior, specimens must break after the stress returns to the dwell stage of the last cycle (point h in Fig 1A) . However, most specimens broke after passing this strain but before the next loading cycle. The question then arose of whether this underestimation of energy is greater in one age group than the other and cause misleading interpretation of the data. To quantify the degree of underestimating the postyield energy terms (U ps , U er , and U h ), the energy (U f ) dissipated from the last dwell strain until failure was calculated. Fortunately, there were no statistically significant differences in this underestimation between middle and old bone specimens in the present loading scheme. Without strict strain control, deformation can sometimes occur in the gage region when the movement of the actuator is halted. Thus, the strain difference between the start and end of the first dwell (stress relaxation) was summed over the cycles for each specimen. This unintended cumulative deformation did not vary between the age groups, suggesting that any unquantifiable damage mechanism caused by the use of displacement control did not unduly contribute to the age-related differences in mechanical properties.
Quantification of Strength, Elastic modulus, and Damage
The maximum stress (σ max ) was recorded from each stress-strain plot and served as the strength characteristic of the tensile specimen. The elastic modulus was estimated from the initial, linear loading curve on the stress-strain plot (i.e., E 0 in Fig. 1 ). All mechanical properties were calculated using a numerical analysis programmed in Matlab (v7.0.1, The Mathworks, Inc., Natick, MA). Age differences in final damage density was also investigated by estimating the linear measure of stiffness loss
where E i is the elastic modulus at the last cycle of loading and E 0 is the initial elastic modulus of bone. 33 E i was calculated as the slope between the relaxation points on the stress-strain curve (between c and g in Fig. 1 ).
Porosity Measurement
A cross-section, 1 mm in thickness, near the broken surface of tensile specimen was removed with a diamond, circular saw from each specimen. After grinding the fracture surface by hand with successive grits of silicon carbide paper (600, 1200, 2400, 4000) and 0.05 μ alumina solution, the aerial porosity of Haversian canals and resorption spaces in each cross-section was quantified by converting digital images into binary form as describe previously. 34 To eliminate bias, three users, who were blind to the age of the donor, independently processed and calculated porosity (Po), which is the black area divided by total area and expressed as a percentage. The mean value was used in the statistical analysis.
Gravimetric measurements
The other half of the broken tensile specimen was weighed with an electronic balance (PB303-S, Mettler Toledo, Greifensee, Switzerland) while submerged in water and then while in air (after lightly blotting). Specimens were dried at 102 °C in a vacuum oven (25 in Hg) for forty hours and ashed at 600 °C in a furnace (FB1300, Barnstead International, Dubuque, IA) for twenty-four hours. Dividing the wet mass of bone by the volume of bone as determined by Archimedes principle provided a measure of the apparent density of wet bone tissue (ρ b ). Likewise, dividing the mineral mass by the volume of the mineral phase provided the apparent density of bone mineral (ρ m ). Lastly, dividing the loss of mass due to drying (at 102 °C) by the volume of bone provided water content (ΔH 2 O). We calculated organic fraction as organic mass per wet bone mass (M Org /M wet ), but the mineral fraction as mineral mass per dry bone mass (M Min /M dry ) because, unlike M Org /M wet , M Min /M wet was correlated to porosity (ρ xy = 0.694; p-value = 0.002) negating its meaningfulness. The ratio of mineral mass per organic mass (M Min /M Org ) was also calculated.
Crosslink Measurements
From each tensile specimen, a small piece of bone was cut from the corner of the grip region to measure the concentration of hydroxylysyl-pyridinoline (HP), lysyl-pyridinoline (LP), and pentosidine (PE). After drying the specimen at 21 °C in a vacuum oven (25 in Hg), the mass of the small piece was measured with a precision microbalance (UMX2, Mettler Toledo, Greifensee, Switzerland). The sample was then hydrolyzed in 500 μL of 6 N HCl at 110 °C for at least 20 hours, and the hydrolysate was split into two disposable culture tubes (at a nominal ratio of 50:50). The residue of one split sample was re-suspended with a known volume (400 μL) of ultra-pure water plus a dissolved internal standard (94.2 μM pyridoxine). Next, following a method described by Bank et al., 35 the concentration of HP, LP, and PE was determined using high performance liquid chromatography (HPLC). The crosslink concentrations of each specimen were then normalized by its respective collagen content (Col), as determined by a micro-hydroxyproline (Hyp) assay on the remaining sample. For this latter analysis, we used the colorimetric technique that is described by Morales et al. 36
Statistical Analysis
The effect of age on the properties of bone (mechanical, morphological, and compositional) was tested (Table 2) using a re-sampling technique called bootstrap (MULTTEST Procedure, SAS/STAT User's Guide version 9, 2004, SAS Institute Inc., Cary, NC). There are several advantages to this technique. One, it does not assume any parametric form for the data (i.e., normality is not necessary). 37 Two, it provides a strong estimate of the p-value for small sample sizes (i.e., increases the power of the tests). 38 Three, the estimate is more conservative than that given by Student's t-test, which is also calculated by MULTTEST.
Significant associations among the properties were determined by Pearson's correlation coefficients (ρ xy ) at α = 0.05. To determine which morphological property and compositional properties of bone best explained a mechanical property (irrespective of age group), general linear models were developed (GLM Procedure, SAS/STAT User's Guide version 9, 2004, SAS Institute Inc., Cary, NC). Initially, a model was created to include any morphopogical and compositional property as an independent factor if it was significantly associated with the mechanical property being analyzed (Table 3) . Also, the GLM initially included interactions when the independent factors were significantly associated to one another. Non-significant interactions and factors with the highest p-value were sequentially removed from the model to obtain the highest possible R 2 value. 39 Moreover, a similar process was performed but without the intercept term (a 0 ) to see if this increased the R 2 . All final models had a p-value < 0.005. Note that there were not enough specimens to include additional bone properties and age in the models (i.e., the power of the test would be to low).
RESULTS
Except for Young's modulus, age affected all other mechanical properties of bone (Table 2) as determined by the progressive, repetitive loading scheme in tension ( Fig. 1 ). Since initial elastic stiffness did not vary between middle and old aged bone, aging apparently affected the capacity of bone to generate damage when overloaded. Age also affected porosity and several compositional properties. Older bone had greater porosity (Po), concentration of pentosidine (PE), mineral density (ρ m ), and water content (ΔH 2 O) than the younger bone ( Table 2) . Collagen content (Col), however, decreased with age.
Pearson's analysis revealed that Po, Col, and PE were the only properties that are significantly associated with the post-yield energy terms (i.e., U ps , U er , and U h ) as well as the toughness or the complete energy dissipation (U T ) of bone (Table 3 ). As to other mechanical properties, Col and PE were the only properties related to the final damage density (D f ), while porosity and water content were correlated with bone strength (Table 3) . Giving the highest R 2 value in the GLMs, PE and Col provided the best explanation of the post-yield energy terms, while Po and Col provided the best explanation of bone toughness (Table 4 ). This is not to say Po does not affect post-yield energy dissipation or PE does not affect toughness. Their contribution to these mechanical properties is just not as dominant when other factors are included. Moreover, a 0 was not statistically significant suggesting a theoretical ratio of PE to Col exists at which there is zero energy dissipation. However, since Col and PE accounted for less than 50% of the variance in U ps , U er , and U h , other factors are likely involved in determining post-yield toughness. Among the post-yield energy terms, PE and Col had the greatest contribution to the plastic strain energy (i.e., U ps had the highest coefficients; Table 4 ).
PE plus a constant (a 0 ) that could represent an unmeasured variable provided the best explanation of the variance in the D f (i.e., with no PE, there is still a stiffness loss, and including Col did not improve the explanation), while porosity and ΔH 2 O plus an interaction between these two variables provided the best explanation of bone strength ( Table 4 ). The R 2 value for the model of σ max was 99.5% placing certain importance on the volume of water in bone. Such a measure is indicative of the state of porosity and mineralization, two important indicators of strength. 40 Water tends to fill the pores of ex vivo specimens and mineralization displaces water from collagen. 41
DISCUSSION
While a decline in bone toughness with advancing age has been well reported, 16-19 there is still uncertainty about how structural and compositional changes (at multiple length scales) facilitate this degradation. Older bone appears to be more susceptible to damage accumulation (i.e., microcracks form more readily) than younger bone, 18 and the resistance to crack propagation apparently decreases with an increase in in vivo microdamage. 42 In addition, bone toughness depends on collagen as reviewed by others 43, 44 and evident when denaturing collagen by heat or enzymes. 45-47 Moreover, collagen integrity in bone (as measured by shrinkage temperature) decreases with age. 48, 49 The question then arises whether age-related changes in collagen allow micro-or nano-cracks in bone to form and propagate more readily.
Although the objective of the present study did not attempt to answer these questions, the new measures of post-yield energy dissipation did indicate that age-dependent change in bone quality was strongly associated with collagen. These new measures are potentially related to damage accumulation, viscous behavior, and permanent deformation of bone. In addition, along with fracture toughness characteristics (e.g. R-curve behavior), this approach of partitioning post-yield energy dissipation may prove useful in deducing mechanistic causes for the loss of bone toughness with age.
As observed by Bailey et al. 50 in trabecular bone, the present study also indicated that agerelated decrease in collagen content was associated with a decrease in bone toughness. While this confirms the importance of collagen to the energy dissipation capacity of bone, the measure of collagen content does depend on the degree of mineralization. Following the methods of Bailey et al., 50 the collagen assay in the present study was calculated on the dry mass of bone, not on the volume of the organic phase. Thus, the apparent amount of collagen (in mmol per mg of bone tissue) decreases with an increase in mineralization. In fact, we observed that the density of the mineral phase increased with age (Table 2 ). Furthermore, the mass fraction of mineral did not change with age suggesting that mineral crystals of older bone are closer to each other than younger bone after the removal of the organic phase. While the organic mass fraction of bone does not appear to decrease with age, decreases in collagen content, not increases in mineral density, significantly explained the age-related decrease in the post-yield energy dissipation of bone.
Our observation that mineralization did not relate to the toughness of bone appear contradictory to the findings of Currey et al. 51, 52 in which an age-related increase in ash fraction was related to a decrease in the work-to-fracture and impact energy of cortical bone. Their study, however, investigated a wider range of ages (8 to 80 years) than the present work, and the difference in mineral content among specimens from older donors (> 50 years) was less than that among specimens from younger donors (< 35 years). In other words, there was an association between toughness and the logarithm of ash fraction over seven decades. 52 Mineral content in bone depends on remodeling activity and osteocyte viability because each affects the distribution of mineralization; and when measured on bulk samples, it does not necessarily vary with age, an observation reported by others. 16, 53 Alternative techniques such as density fraction and back scatter electron microscopy have demonstrated that compartments of highly mineralized bone increase with age 54, 55 and could be of necrotic origin. 54 The contribution of hypermineralization to bulk measures of mineral content can be offset by less mineralized tissue compartments, which are present because of ongoing bone remodeling. Porosity at the microscopic level can be another confounding factor if the mineral mass is normalized by wet mass (ash fraction) because water fills the pores of ex vivo specimens thus adding apparent mass.
With regards to bone strength, mineral mass per dry mass was not significantly correlated (although for M Min /M wet versus σ max , ρ xy equaled 0.480 with a p-value of 0.054). On the other hand, ΔH 2 O did correlate with strength ( Table 3 ). In the present study, Po was a strong determinant of strength, and by decoupling mineral fraction from Po (i.e., normalizing by dry mass), mineral was not a determinant. Yet, it may have an indirect contribution because ΔH 2 O was marginally related to M Min /M dry (ρ xy = −0.458; p-value = 0.0681) and ΔH 2 O did negatively contribute to bone strength through an interaction with Po (Table 4 ).
Pentosidine, a marker for non-enzymatic crosslinks, may prove useful in assessing bone quality. While relatively low in concentration compared to other advanced glycation endproducts, 56 pentosidine is readily quantifiable and presently associated with age-related decreases in the post-yield energy dissipation of cortical bone. PE and porosity were both related to U T , U ps , U er , and U h (Table 3 ). Yet, Po was found to provide a better explanation of bone toughness or U T than PE, while the GLMs suggested that the variance in the post-yield energy terms was better explained by the inclusion of PE, not Po. The inclusion of one factor of another in such models do occur when the factors are correlated, which Po and PE were (ρ xy = 0.529; p-value = 0.029), and their interaction is not significant. These findings by the GLMs suggest that adding recovered elastic strain energy and final energy to the post-yield energy capacity of bone ( Fig. 1) emphasizes Po over PE. Perhaps this is to be expected since Po affects elastic behavior as well as post-yield behavior. 16
There is some question as to whether NEG crosslinks are mechanistically involved in the degradation of bone toughness. Two independent studies did not find that inducing NEG crosslinks by incubating bone in Ribose or Glucose solutions affected the toughness of mineralize bone. 57, 58 However, Vashishth et el. 57 did report that non-enzymatic crosslinking decreased the damage fraction, defined as a ratio of secant modulus over initial elastic modulus, of bone. In concurrence, the GLM analysis found that an increase in PE was the best explanatory variable (among the bone properties measured) of the age-related decrease in damage density (Table 4 ). Perhaps, the role of NEG crosslinks in the toughness of bone involves affecting the stiffness loss mechanism of bone.
Fatigue loading of canine femurs at the mid-diaphysis 59 and at the femoral neck 60 caused stiffness loss and strength with an accumulation of damage. The appearance of diffuse damage or microcracks during the cyclic loading or monotonic testing of bone coincides with yielding. 18,61 Assuming then that the stiffness loss due to yielding in the present study is reflective of damage accumulation, the capacity to incur damage is greater in younger bone than the older bone. In other words, a lower threshold of damage density may exist for elderly bone, thus causing fracture at lower strain compared with the middle aged bone. This is reflected by the fewer number of surviving specimens in elder bone as deformation increases (Fig. 2) .
Because the organization of bone is hierarchical, contributions to toughness exist at multiple length scales and perhaps a number of mechanical measures are necessary to deduce the mechanistic causes in the age-related degradation of bone quality. At the microstructural level, microcracking, 62 diffuse damaging, 63 and uncracked ligament bridging 64 have been suggested as toughening mechanisms of bone. Aging may affect these mechanisms at the ultrastructural organization of lamellae or the microstructural organization of cement lines. 65 There are also studies suggesting that toughness arises at the nano-level in the form of calcium-mediated sacrificial bonds 66 and a non-fibrillar organic matrix bonding between neighboring mineralized fibrils. 67 Toughness is the energy required to break these bonds, and this toughness increases with an increase in Ca 2+ concentration, suggesting ionic attractions hold collagen and mineral together. Whether these mechanisms hold in intact bone is not clear, and may only be of importance when damage forms. Post-yield energy dissipation may prove useful in understanding the mechanisms of age-related loss of bone toughness at multiple length scales.
The number of specimens examined did not allow for examination of the role of age-related interactions on bone toughness. Moreover, the limited age range and the examination of one anatomical site preclude an expansive conclusion on the importance of collagen to fracture risk. Nonetheless, we demonstrate that age-related changes in porosity, non-enzymatic crosslinks (via pentosidine), and collagen content can contribute to the post-yield energy dissipation of bone. The energy dissipation terms are highly interdependent (ρ xy > 0.97) and are related to final damage density (ρ xy ≅ 0.92) and strength (ρ xy ≅ 0.63). They may be useful in understanding how damage accumulation and collagen interact and contribute to the toughness of bone.
Figure 1.
A loading-unloading-reloading scheme with rest insertion (dwell) was used to partition the post-yield energy dissipation of bone (A), but since the failure point was not known, a progressive yield scheme was used and the energies quantified at the last cycle (B). The number of surviving specimens per total number for old aged bone decreases at lower strain than does middle aged bone. There were a number age-related differences in the mechanical, compositional, and morphological properties of bone (mean ± standard deviation). Pearson's correlation coefficients (ρ xy ) reveal several statistically significant associations between the mechanical properties and compositional properties of bone (n = 17). Shading and bold indicate a p-value < 0.05. The best explanatory and age-related variables for selected mechanical properties of bone were determined from GLMs with the highest R 2 value and significant coefficients (a i ). 
